The diffraction regime of a thin grating inserted in a Fabry-Perot cavity is investigated. Our calculations show that, at Bragg incidence, a single diffraction order can be selectively enhanced, giving rise to a very efficient Bragg-like diffraction regime. The optimization of the device is studied as a function of the resonator thickness and finesse and the grating position inside the Fabry-Perot cavity. The angular and wavelength selectivities are also investigated. The device could be easily integrated and would be very useful for optical signalprocessing applications.
INTRODUCTION
Diffraction efficiency increase is a very important issue in optical signal processing. [1] [2] [3] The Bragg diffraction regime, 4 in which the entire diffracted energy is concentrated in a single diffraction order, is the most efficient regime. This regime can be achieved, at Bragg incidence, only beyond some grating thickness threshold. It has been shown that inserting a volume grating in a Fabry-Perot resonator is a good means of improving its efficiency, especially if the volume grating fills the cavity entirely. 5 In that case, the thickness threshold toward the Bragg regime can be significantly lowered 6 because of the multiple paths in the nonlinear medium, but many efficient nonlinear media are available only in such small thicknesses that no Bragg regime can be obtained in this way.
Here, we investigate another diffraction regime occurring when a thin grating is inserted in a Fabry-Perot resonator. Most of the time, such a device is operated at normal incidence to avoid the walk-off of the read beam in the Fabry-Perot cavity. [7] [8] [9] [10] [11] [12] [13] In that case, only the read beam is Fabry-Perot resonant, and the diffracted beams are all enhanced in the same manner. To favor a unique diffraction mode, we use Bragg incidence and tune the resonator accordingly. Both read and first-order diffracted beams are then Fabry-Perot resonant, whereas higherorder diffraction modes are not. This results in a selective enhancement that can lead, as we will show, to a diffraction regime in which the intensity of higher diffraction orders is at least 100 times smaller than that of the main diffraction order. This can usually be obtained only with volume gratings or Bragg gratings, and we call it a "Bragg-like" diffraction regime.
Section 2 describes the model used for the calculations. Section 3 shows how the cavity thickness, the reflection coefficient, the one-pass grating efficiency, and the position of the grating in the cavity can be chosen in order to obtain a Bragg-like diffraction regime and to optimize the diffraction efficiency. Finally, Section 4 deals with the angular and wavelength selectivities of the device.
MODEL
The unslanted sinusoidal refractive-index grating, of intensity diffraction efficiency g , is inserted between two mirrors with reflection coefficients R 1 and R 2 Ϸ 1, respectively [see Fig. 1(a) ]. The thickness of this asymmetric Fabry-Perot cavity is L. The real refractive index of the cavity medium is n. When illuminated by a plane wave of wavelength 0 and incidence angle 0 , the grating gives rise to a transmitted beam (order 0) and two diffraction orders −1 and +1.
The propagation angle p = ͑z , k p F,B ͒ of the pth order forward-and backward-diffracted waves (of wave vectors k p F and k p B , respectively) in the intracavity medium is determined by the Raman-Nath relation: k͑sin p − sin 0 ͒ = pK, where k =2 n / 0 and K =2 / ⌳ (⌳ is the spatial period of the grating). The corresponding forward and backward wave vectors k p F,B are shown in Fig. 1(b) . When the read beam is set at Bragg incidence B ͑ 0 = B ͒, the diffraction order −1 is symmetrical to the read beam with respect to the z axis [see Fig. 1(b) ]. The FabryPerot cavity can then be tuned to both read and diffraction-order −1 beams. Considering that order +1 is generally not Fabry-Perot resonant in the device, for the sake of simplicity, the waves of order p greater than one are neglected and only the higher order −2, resulting from the diffraction of the resonant order −1 and symmetrical to the order +1 with respect to the z axis, is taken into account.
The reflected diffracted amplitudes of orders 0, −1, +1, and −2 are calculated using the product of matrices describing reflection on the mirrors, propagation in the cavity, and diffraction on the thin grating, using a standard technique used for the description of multilayered dielectric media. 14 A four-dimensional vector F (or B) is formed with the four forward-(or backward-) propagating complex amplitudes S p corresponding to the diffraction orders from p = −2 to p = +1.
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An eight-dimensional vector col͑F , B͒ is formed with all amplitudes. Beam amplitudes considered before and after the device are labeled using subscripts bd and ad, respectively.
Considering the device of Fig. 1(a) , the beam amplitudes before and after the device are related by
where M 1 and M 2 describe the reflection on the front and back mirrors, respectively; P 1 and P 2 are the propagation between the front mirror and the grating and that between the grating and the back mirror, respectively; and D is the diffraction of the plane grating inserted in the cavity. M 1 , M 2 , P 1 , P 2 , and D are all 8 ϫ 8 matrices described hereafter as:
where I 4 is the four-dimensional identity matrix; and r i and t i are, respectively, the amplitude reflection and transmission coefficients of the considered cavity mirror. r i is related to R i by ͉r i ͉ 2 = R i . The propagation matrices are diagonal; each diagonal term represents the phase change ͑k p F,B · z l͒ for a beam of wave vector k p F,B propagating on a distance l. The two cases considered here are the propagation between the front mirror and the grating ͑l 1 ͒ and the propagation between the grating and the back mirror ͑l 2 ͒. The resonator length L is the sum of l 1 and l 2 :
where 0 4 is the four-dimensional zero matrix and P i4 is the propagation submatrix: The matrix D is built from the symmetric, tridiagonal diffraction submatrix D 4 :
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The D 4 matrix relates the amplitudes before the grating to the amplitudes after the grating. The amplitude of order p after the grating is the sum of three contributions:
The first one is due to the transmission by the grating of the amplitude of the order p, and the others are due to the diffraction by the grating of the amplitudes of the orders p + 1 and p − 1. The amplitude transmission coefficient t g and the diffraction coefficient d g = j g 1/2 of this sinusoidal grating are related by the equation ͉t g ͉ 2 +2͉d g ͉ 2 = 1, where g is the intensity diffraction efficiency of the grating. As not all the diffracted beams are considered in our analysis (we have limited our investigation to four diffractionorder beams only), the diffraction matrix is not unitary.
The numerical calculations are performed using a simple MATLAB routine.
DEVICE OPTIMIZATION
This section is devoted to the optimization of the device in terms of diffraction efficiency and Bragg-like operation. We define the diffraction efficiency as the ratio of the reflected diffracted intensity to the input intensity of the read beam, and we use the notation D when we consider the order −1 beam. The refractive index of the medium is n = 2.8, and the wavelength 0 is set at 1 m. The Bragg angle is related to the grating period by sin͑ B ͒ = 0 / ͑2n⌳͒. The incidence is set at the Bragg angle ( B = 5°for the 2 m grating period ⌳ considered here as an example). Finally, the back mirror is almost totally reflective ͑R 2 Ϸ 1͒. Figure 2 shows the variation of the diffracted intensities as a function of the resonator length, where order 0 and order −1 are kept Fabry-Perot resonant (we consider only the resonator lengths for which order 0 and −1 are resonant). The thin grating of diffraction efficiency g =10 −4 is positioned in the middle of the resonator, and the front-mirror reflectivity is R 1 = 0.8.
As orders 0 and −1 are always Fabry-Perot resonant, the diffraction efficiency is constantly equal to D =10 −1 , showing a very large enhancement (by a factor of 1000) as compared with that of the bare grating. The diffraction efficiencies of orders +1 and −2 are lower than that of order −1 by more than 20 dB, except for cavity lengths corresponding to quasi-resonance of these orders (i.e., when orders +1 and −2 are also close to another Fabry-Perot resonance) in the cavity. The closer that the +1 and −2 orders are to the Fabry-Perot resonance, the greater their diffraction efficiencies are. When the cavity is tuned to all considered diffraction orders, the diffraction efficiency of order +1 is almost as large as that of order −1 so that the diffraction efficiency of order −1 slightly decreases owing to the read-beam depletion by the order +1 beam. As shown in Fig. 2 , this unfavorable situation can be easily avoided if the proper the resonator length is chosen. It must also be stressed that what we have called the Bragglike operation of plane gratings is possible with very thin devices that could be processed using nanotechnologies. However, for micrometer devices, the thickness of the grating must be taken into account, and the results presented here are no longer valid. Finally, although this result has almost no practical consequences, let us note that the decrease of orders +1 and −2 is an antiresonance owing to the sign change of the transmitted order 0 phase. Figure 3 shows the influence of the reflection coefficient R 1 on the diffracted intensities for a cavity thickness L = 3.55 m, with the thin grating of diffraction efficiency g =10 −4 again set in the middle of the resonator. In Fig.  3(a) , the diffraction efficiency of order −1 exhibits a maximum at R 1 = 0.96, which means that almost all the readbeam energy is transferred to the main diffraction order. This demonstrates the very high (10 000 in this case, for instance) increase in diffraction efficiency of the device. Naturally, the front-mirror reflectivity corresponding to the maximum diffraction efficiency increases when g is decreased. Beyond this optimal value, the diffraction efficiency steeply decreases, owing to the fact that the energy is diffracted back into order 0. The Bragg ratios shown in Fig. 3(b) represent the intensity ratio of the higher diffraction orders +1 and −2 to the Fabry-Perot resonant −1 diffraction order. For R 1 Ͼ 0.51 the Bragg ratio of order +1 is less than −20 dB, showing again that the actual Bragglike regime is easily obtained by inserting the plane grating in the Fabry-Perot cavity. Moreover, a very steep decrease of the Bragg ratio of this order with increasing Fabry-Perot finesse can be seen, owing to the good diffraction efficiency of order −1. This decrease continues beyond R 1 = 0.96 because of the phase change of the laser reflected beam. Finally, the Bragg ratio of order −2 keeps almost constant at a very low value ͑Ϸ−45 dB͒, as the intensity of this mode is proportional to that of order −1. Figure 4 shows the variation of diffracted intensities as a function of the one-pass efficiency of the grating. The thin grating of diffraction efficiency g is set in the middle of the 3.55 m long resonator, and the front-mirror reflectivity is R 1 = 0.8. The diffraction efficiency of the order −1 beam, shown in Fig. 4(a) , exhibits a maximum at g = 3.10 −3 , where all the read-beam energy is transferred to the main diffraction order as occurs when the resonator finesse is optimized [see Fig. 3(a) ]. The Bragg ratios are represented in Fig. 4(b) . The Bragg ratio of order +1 keeps almost constant on this logarithmic scale, owing to the fact that the energy of the 0 order beam is transferred in the same way to the order −1 beam and to the order +1 beam by the grating so that only the Fabry-Perot resonance makes the difference. The Bragg ratio of order −2 scales like g , because the order −2 originates only from the diffraction of order −1. For the chosen values of R 1 and R 2 , Bragg ratios are well below −20 dB, which means that a Bragg-like diffraction regime is easily obtained, whatever the one-pass efficiency of the thin grating.
Results shown in Figs. 2-4 correspond to a plane diffraction grating set in the middle of the cavity. Figure 5 shows the dependence of diffracted intensities as a function of the position of the grating in the cavity for a cavity thickness L = 3.55 m, a reflection coefficient R 1 = 0.8, and a one-pass diffraction efficiency g =10 −4 . As expected, the intensity of order −1 beam is constant. The sharp minimum of the higher orders is due to an antiresonance of these orders, owing to a phase discontinuity. The results shown in Fig. 5 demonstrate that at Bragg incidence, the position of the grating has almost no influence on the diffraction efficiency of order −1 or on the diffraction regime. This will simplify the fabrication of such devices. Let us mention only that, if necessary, the choice of the position of the grating could allow a much higher Bragg selectivity for the device. It must also be stressed that, owing to the low cavity thickness, the results presented here are valid only for very thin gratings (smaller than 100 nm, obtained using quantum wells, for instance). However, the same results are obtained for thicker gratings, provided the cavity thickness is increased.
SELECTIVITY
In this section, we investigate angular and wavelength selectivities, which are important parameters for the application of any diffraction device. The thin grating (2 m grating period) of diffraction efficiency g =10 −4 is set in the middle of the 3.55 m long resonator. The frontmirror reflectivity is R 1 = 0.8 and the back mirror is almost totally reflective. The angular selectivity of the device was evaluated by calculating the diffracted intensities of orders −1, +1, and −2 as a function of the incidence angle of a laser beam of wavelength 0 =1 m inside the cavity (see Fig. 6 ). The incidence angle of the laser beam outside the cavity is varied from 0 to / 2. Maxima correspond to resonances of the different beams. The Fabry-Perot is tuned to both read and diffraction order −1 beams only for 0 = 5°(Bragg incidence for the 2 m grating period chosen here). As a consequence, the diffraction efficiency of the Bragg order −1 is maximum for this angle and decreases on both sides. The 3 dB width is 0.76°, which means that application to optical processing of complex signals such as correlation could be performed using such devices. Moreover, there is a 30 dB ratio between the order −1 beam and the higher orders at 0 = 5°. The maximum diffraction efficiency of order −1 beam exceeds that of higher diffraction orders at any angle by 20 or 30 dB, which again demonstrates the Bragg-like regime of the device.
The wavelength selectivity of the device was evaluated by calculating the diffracted intensities as a function of the wavelength of the read beam for 0 = 5°(see Fig. 7 ). When the read wavelength fulfills the Fabry-Perot resonance condition, the diffraction order −1 is also resonant, hence exhibiting periodic maxima of its intensity. In Fig.  7(a) where the diffraction efficiency of order −1 is plotted on a linear scale, we can see a variation of the amplitude of the peaks due to the fact that the incidence angle is set at Bragg only for 0 =1 m. In Fig. 7(b) a logarithmic scale has been chosen so that higher orders can be compared with the main diffraction order. Maxima of the higher-diffraction-order intensities are obtained on the one hand when the cavity is tuned to the read beam and on the other hand when it is tuned to the diffraction order +1 beam. The diffraction order −2 and +1 beams fulfill the same resonance condition because they have opposite angles. Because resonances for orders −1 and +1 never occur at the same wavelength, there is a 30 dB ratio between maxima of diffraction order −1 intensity and maxima of the higher-diffraction-order intensities. Multiwavelength efficient operation of the device is possible in the Bragg regime, which indicates that wavelengthmultiplexed Bragg-like plane gratings could also be used with this device.
CONCLUSION
Our calculations show that a Bragg-like diffraction regime can be obtained with a thin intracavity diffraction grating; the wavelength, incidence angle, and length must be chosen such that order 0 is simultaneously Fabry-Perot resonant and at Bragg incidence, so that diffraction order −1 is symmetrical to order 0 and is also Fabry-Perot resonant. We can notice that Bragg-like operation of plane gratings can be performed with micrometer cavities if the cavity length is not tuned to quasiresonance of higher orders. For a given g , the reflection coefficient of the front mirror can be chosen in order to maximize the diffraction efficiency of the device, and Bragg-like operation can be achieved, even with small diffraction efficiency of the grating. The grating position has no influence on the device performance, which makes the device easy to fabricate. Good angular selectivity has been demonstrated that could be useful for information processing. Multiwavelength efficient operation is possible as long as Fabry-Perot resonances are taken into account for the choice of the wavelengths. This device is a very promising one, as it combines very good performance and ease of integration using the state of the art photonics nanotechnologies.
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